Gender dysphoria (GD) is characterized by incongruence between onés gender assigned at birth and the gender that one identifies with. The biological mechanisms of GD are unclear, especially in female-to-male transsexuals (FtM-TR). Here, we investigate whether distinct structural and functional patterns along cerebral midline networks processing own-body perception may constitute a biological correlate. Method: MRI of functional connectivity, cortical thickness, surface area, and gray matter volume was carried out in 28 female-to-male transsexuals (FtM-TR) and 68 cis-sexual controls (34 male). FtM-TR displayed thicker mid-frontal, precuneal-parietal, and lingual cortex than both male and female controls, whereas, in regions with reported anatomical sex differences among the controls, FtM-TR followed patterns of the gender assigned at their birth. FtM-TR also displayed weaker functional connections from the pregenual anterior cingulate to the insular cortex, and the temporo parietal junction compared with both control groups. Distinct structural and functional pattern in the own-body image network may represent biological markers for the dysphoric own-body perception in transgender individuals.
Introduction
The concept of self has theoretical, empirical, and clinical dimensions. A condition where this concept is fundamental is Gender identity disorder, referred to as gender dysphoria (GD) in DSM-5 (American Psychiatric Association 2013). GD is characterized by a significant distress due to incongruence between onés gender (sex) assigned at birth and the gender that one identifies with. This distress often leads to a request for sex-reassignment surgery (Blanchard 1993; Cohen-Kettenis and Gooren 1999) . The underlying biological mechanisms are largely unknown and may be different for female-to-male (FtM-TR) and male-to-female (MtF-TR) transsexuals (Cohen-Kettenis et al. 1998; Schagen et al. 2012) . Despite a mounting public awareness about GD, there is recognized stigmatization and hostility toward individuals with GD, and better knowledge about this condition is highly warranted. Increased information about GD is requested also by the medical community, as there are mounting requests for cross-hormone treatment, at a steadily decreasing age, and also among persons who are gender ambiguous, and not necessarily gender dysphoric. This poses new diagnostic problems among the professionals and calls for improved scientific support.
Possible Mechanisms Underlying GD

GD and Sexual Dimorphism of the Brain
The currently predominant hypothesis for GD presumes that the perception of one's sex is linked to sexual differentiation of the brain and that in transsexuals there is a divergence between sex differentiation of the brain and the reproductive organs, due to genetic factors and/or to an early organizational effect of testosterone during fetal development (Giedd et al. 1997; Green and Keverne 2000; van Goozen et al. 2002; Bentz et al. 2007; Swaab 2007) . Such a scenario would be possible because sex differentiation of the brain occurs later in development than sex differentiation of the reproductive system (Swaab 2007) . The hypothesis is supported by some postmortem studies showing that MtF-TR, like females, have smaller volume as well as a lower number of neurons in the bed nucleus of the stria terminalis (BSTc) and in the hypothalamic INH3 nucleus, compared with male controls (Zhou et al. 1995; Kruijver et al. 2000; Garcia-Falgueras and Swaab 2008) . More recent in vivo investigations are, however, inconclusive. Depending on the type of metric and the study group (for a summary of these findings, please see Supplementary Table 1) , some studies are showing cerebral features in transsexual persons, which are in accordance with the gender assigned at their birth, other results show features more congruent with the gender transsexual persons identify with. For example, in MtF-TR, the gray matter volumes (GMVs) and white matter volumes are found to be similar to that of male cis-sexual controls but also different both male and female cis-sexual controls (Savic and Arver 2011) . Examinations of cortical thickness (Cth), a more specific metric than GMV, have found that MtF-TR exhibit a thicker cortex than male controls, particularly in the parietal and occipital lobes, which suggests a "female" pattern. However, the corresponding measures in FtM-TR showed no cortical differences from male or female controls (Luders et al. 2012; Zubiaurre-Elorza et al. 2013 ). Of note is also that Zubiaurre-Elorza et al. recently found increases in Cth in FtM-TR due to testosterone treatment (Zubiaurre-Elorza et al. 2013 , which could imply a continued and even exaggerated "female pattern", which is contrary to the expected "masculinizing" effect.
In sum, the notion that sexual differentiation of the brain would be different among persons with GD is still unsettled. One reason may be that surprisingly few studies focused on the basic symptoms and fundamental subjective experiences associated with GD-body dysphoria and own-body-related avoidance (Cohen-Kettenis and Pfafflin 2010; Coleman et al. 2012 ; American Psychiatric Association 2013), although some authors addressed this crucial issue several years ago (Lawrence 2006; Fisher et al. 2014) .
GD and the Own-Body Image
We recently forwarded another, and not necessarily contradicting hypothesis (Savic and Arver 2011) for GD. It posits that GD could be associated with distinct functional and structural neural signatures in cerebral networks involved in the own-body perception in the context of self. One possibility is that in transgendered individuals the typical physical traits of gender assigned at birth are not incorporated into self-representation and that this is associated with specific signatures in the brain. We forwarded this hypothesis, based on observation that MtF-TR displayed greater GMV in the right occipito-parietal junction and the inferior frontal gyrus, and smaller thalamus and putamen volumes in relation to both male and female controls (Savic and Arver 2011) . Thus, they displayed distinct patterns in structures which are, according to a meta-analysis, parts of the own-body image network (together with the anterior cingulate [ACC] and middle prefrontal cortex [mPFC] , the posterior cingulate, precuneus, and cuneus [Northoff et al. 2006; Lopez et al. 2008; Northoff and Panksepp 2008] ). Notably, several of these structures are also sexually dimorphic (Savic and Arver 2011, 2014; Lentini et al. 2013) . It is, therefore, possible that the distinct signatures in the own-body image network in GD may also infer that some structures in this network appear less sexually differentiated, less "sexually dimorphic." This does not necessarily mean that an altered sex dimorphism would be the mechanism underlying GD; this could just be a parallel phenomenon.
In the present study, we tried to tie together the sparse and sometimes contradictory information concerning cerebral anatomy and function in transgendered persons, and FtM-TR in particular, by utilizing several MRI methods (MRI measurements of Cth, surface area [SA] , and GMV, as well as rs-fMRI). Cth and SA were investigated in addition to GMV, because they are described to have differing evolutionary histories (Rakic 1988 (Rakic ,1995 , developmental trajectories (Sowell et al. 2007) . and genetic determinants and are differentially influenced by neuronal migration (Panizzon et al. 2009 ). By examining the presumable own-body image network in relation to cerebral sex dimorphism, and focusing on FtM-TR in whom the available information about possible cerebral correlates is particularly uncertain, we hope to add a new dimension to the ongoing discourse on the mechanisms underlying GD.
Our main hypothesis was that both brain anatomy and functional connectivity would differ along the own-body perception network as compared with the controls. Furthermore, if sex atypical features were to be detected, they were expected to be located foremost within this network.
Methods
Material
Twenty-eight FtM-TR (age 23.5 ± 5.2 years, range 18-34 years; education 13.0 ± 2.7 years, range 9-18 years), 34 heterosexual cis-sexual men (HeM), (age 28.8 ± 4.8 years, range 20-39 years; education 16.2 ± 2.4, range 12.5-21 years), and 34 heterosexual cis-sexual women (HeW), (age 27.6 ± 4.1 years, range 20-32 years; education 16.5 ± 2.7 years, range 12-21 years) participated in the study. None of the FtM-TR had received hormone treatment or sex-reassignment surgery and none of them had any neurological or psychiatric disorder. History of sex hormone treatment was assessed by self-reports and controls of medical journals, including previous prescriptions. The FtM-TR were recruited by the Gender team at the Psychiatry clinic at Karolinska University Hospital (Stockholm, Sweden), which specializes in the evaluation and treatment of patients with GD. All consecutively arriving adult patients aged 18-45 years who sought sex correction therapy, and were diagnosed with a GD (DSM-5), specifically transsexualism (ICD-10) diagnostic criteria (http://www. who.int/classifications/icd/en/), were approached to enter the study, between January 2011 and July 2014. Exclusion criteria consisted of previous or current hormonal treatment, any known chromosomal or hormonal disorder, any severe psychiatric, neurological or systemic disorder, including autism spectrum disorder (ASD), and any medications with psychotropic effects (antipsychotic or antiepileptic agents, lithium, benzodiazepines or opioid analgesics). The clinical evaluation at the Gender team routinely includes the Mini International Neuropsychiatric Interview (M.I.N.I.) (Sheehan et al. 1998) , which confirmed that none of the enrolled patients satisfied the criteria for depression or other severe psychiatric disorder at the time of recruitment.
The sexual orientation of all of the subjects was scored using the Kinsey (Heterosexual-Homosexual Rating) scale (Kinsey et al. 1953 ), a 7-point scale ranging from 0 to 6. The approach is described in detail in previous studies (Berglund et al. 2006b; Savic and Lindstrom 2008a , please see also Table 1 ). All cis-sexual controls scored 0-1 on the Kinsey scale (0.4 ± 0.8 for males, and 0.6 ± 0.9 for females), whereas the FtM-TR group were predominantly gynephyllic and scored between 4 and 6 (4.3 ± 1.9). In relation to their sex assigned at birth, most of FtM-TR were, thus, predominantly homosexual, but in relation to the sex they identified with they were heterosexual. For the sake of simplicity and to accord to current literature regarding sexual orientation in transsexuality (Blanchard et al. 1987 ), we will relate Kinse's scorings in FtM-TR to the sex they were assigned at birth. More precisely, 13 FtM-TR scored Kinsey 6, whereas the remaining 15 scored 3.5-5 and none described self as truly bisexual.
Because there is considerable comorbidity between GD and ASD (de Vries et al. 2010) , we excluded subjects with ASD. Autistic traits were assessed using the Social Responsiveness Scale (Constantino and Gruber 2005), which consisted of 65 items scored on a scale from 0 (never true) to 3 (almost always true) with higher total scores suggesting the presence of greater autistic traits. This scale was completed by a respondent who knew the subject well (e.g., a parent, partner, or close friend). The cut-off score for ASD was 65. One subject had to be excluded in the analyses because his ASD scores were above this level. The SRS was administered to all transsexual participants, requiring that someone close to the participant, such as a parent, partner or close friend, complete it. The 65-item SRS questionnaire is scored on a scale from 0 (never true) to 3 (almost always true). Total scores can range from 0 to 195. Lower scores on the questionnaire signify less autistic behavior over the 6 months prior to the testing, whereas higher scores signify more autistic behavior over this period.
The control group consisted of healthy subjects who did not show any comorbidity with or heredity for neuropsychiatric disorders, and who did not have a history of substance abuse or take any ongoing medication. The study was approved by the ethical committee at the Karolinska Institute and each subject provided signed consent before participating in the study.
Magnetic Resonance Imaging
Data Acquisition Magnetic resonance imaging data were acquired on a 3-Tesla MRI medical scanner (Discovery 3T GE-MR750, General Electric, Milwaukee, Wisconsin) equipped with a 32-channel and/or 8-channel phased array receiving coil. 3D T1-weighted SPGR images were acquired with 1 mm 3 isotropic voxel size (TE = 3.1 ms, TR = 7.9 ms, TI = 450 ms, FoV = 24 cm, 176 axial slices, flip angle of 12°).
Resting-state functional MRI was performed with a gradient echo pulse sequence using a voxel size of 2.25 × 2.25 × 3 mm (TE = 30 ms, TR = 2500 ms, FoV = 28.8 cm, 45 bottom up interleaved axial slices, 3 mm thickness, flip angle of 90°). In addition, multislice DTI (not used in the present analyses) was performed using an echo planar imaging sequence with 1 × 1 mm in-plane resolution Results of the DTI measurement will be presented in a separate publication. Images acquired with the 8-channel coil were used only for the FreeSurfer segmentation analyses (see further), because these T1 images had better demarcation between white and gray matter in the occipital cortex than T1 images acquired with the 32-channel coil.
Cortical Thickness, GMV, and SA The MR volumes were processed using FreeSurfer software version 5.1 (Fischl and Dale 2000) , (www.surfer.nmr.mgh.harvard. edu), as described in detail in our previous studies (Savic and Arver 2014; Savic 2015) . For a detailed description, see Supplemental Material. Possible group differences in Cth, GMV and SA were evaluated for each vertex, using age as the nuisance variable, and after employing Monte Carlo correction (5000 permutations). P was set to <0.01 corrected, to avoid large, confluent clusters. Age and education differed significantly between the control and the transsexual populations; see Table 1 . Although none of these factors, according to the qdec analysis using FreeSufer software, had a significantly different impact on regional metrices (Cth, GMV, and SA) between the groups analyzed, there were some subsignificant differences. Demeaned age and education values were, therefore, used as nuisance variables, and the vertex-by-vertex group comparison (10-mm filter) in the qdec analyses was carried out using a different-offsetdifferent-slope model for all the comparisons between patients and controls.
Conjunctional Clusters
To investigate whether there were common differences between 2 groups in relation to the third, conjunctional analyses were carried out. For these analyses, the method called Minimum Statistic compared with the Global Null (MS/GN) was used (Nichols et al. 2005) . The threshold level was P < 0.05 corrected (Monte Carlo simulation).
Segmentation of the Subcortical Volumes
Subcortical segmentation generated with FreeSurfer was used to calculate the volumes of 6 subcortical brain structures: the amygdala, hippocampus, caudate, putamen, thalamus, and cerebellum. When needed, the segmented brain structural masks were modified manually by a rater who was not informed about the Note: F-values from group comparisons (one-way ANOVA). MtF-TR scored significantly higher at the homosexual end of the Kinsey scale. The y were also younger and had lower number years of education.
identities of the subjects. Manual correction (especially with regard to the putamen and amygdala) is often needed when using FreeSurfer segmentation. In the present study, it had to be employed in 9 transgendered subjects and 16 controls. The standard procedure employed has been described in detail previously (Fischl et al. 2002 (Fischl et al. , 2004 Savic 2015) . Ratios between the respective VOI and the total intracranial volume (TIV) retrieved from the FreeSurfer program were entered into the statistical analyses. After ensuring that the data were normally distributed, group comparisons of relative structural volumes (VOI/TIV) were carried out with general linear model using the individual relative values of the 2 homologous VOIs for each type of structure as input values (P < 0.025, due to the Bonferroni correction for the thalamus and cerebellum; the P-level was 0.05 for the amygdala, hippocampus, putamen, and caudate, because we had specific hypotheses for possible group differences in these regions based on the previous results consistently showing gender differences in these regions). Age and education were used as nuisance covariates. The aforementioned analyses were carried out with PASW Statistics 21 (SPSS, Inc.).
Resting-State Functional MRI
To perform seed region analysis, the cross-correlation coefficients of the time series in a particular seed region-of-interest are calculated for all other voxels in the brain. The approach reveals the strength of functional connectivity with respect to this seed region (Biswal et al. 1995) . The seed regions used were the right and left amygdala, as it has been reported that resting-state functional connectivity from the amygdala differs between men and women (Kilpatrick et al. 2006; Savic and Lindstrom 2008b) . In addition, we used seeds covering the right and left TPJs, including the arcuate gyrus. The rationale for using the TPJ seed was our previous finding of significantly larger GMV in this region in MtF-TR compared with both HeM and HeW controls (Savic and Arver 2011) , and because this region is considered to be part of the own-body perception network. Finally, the connections from a seed covering the pACC were evaluated (BA 25, 32 and parts of 24), since this region is reportedly involved in distinguishing the self and own-body detection network (Northoff et al. 2006; Northoff and Panksepp 2008) . All seed regions, except for the TPJ, were delineated with the guidance of the WFU-pick atlas, and after adaptation to the gray matter template from the present population. The MNI coordinates for the TPJ were 53-58, −30-−59, and 19-28 on the right side with a volume of 2160 mm 2 and, on the left side, −55-−50, −30-−60, and 18-28 with a volume of 2304 mm 2 (Savic and Arver 2011). The amygdala seeds were spheres with 5-mm radii and coordinates of −24, −7, −19 and 24, −7, −19, covering the entire amygdala with the exception of the most medial 4 mm, the basomedial amygdala, which was excluded to avoid the susceptibility artifact that was detected in some subjects. The MNI coordinates for the pACC were X = 4-7 and −4 to −7, Y = 40-50, and Z = −10-11, with a volume of 3112 mm 2 . Spatial preprocessing and statistical analysis of functional images were performed using SPM8 (Welcome Department of Cognitive Neurology).
Group comparisons (male controls vs. female controls, male controls vs. FtM-TR, and female controls vs. FtM-TR) were carried out in SPM8 using one-way ANOVAs, with P < 0.001 voxel threshold, FDR corrected at cluster level, and P < 0.05, while controlling for age, which was used as the nuisance covariate. Because our hypothesis was that functional connections from the TPJ-AG and the pACC would be altered in Table 2 Clusters showing significant group difference in cortical thickness Region FtM-TR within the own-body perception network (the insular cortex, the precuneus, the posterior cingulate, cuneus, and the inferior parietal cortex), clusters were regarded as significant at P < 0.001 voxel threshold, uncorrected, if appearing within an explicit mask covering these regions, as defined by the WFU-pick atlas.
Results
Subjects
For demographics, see Table 1 . Patients were significantly younger and less educated than controls. They were gynephillic and scored in the homosexual range of the Kinsey scale in relation , and GMV (C). The contrasts were calculated at P < 0.01 corrected for multiple comparisons (Monte Carlo permutation), using age and education as the covariates of no interest. The projection of cerebral hemispheres (MR images of the Freesurfer atlas) is standardized.
Scale is logarithmic and shows −log10(P). Warm colors indicate positive contrasts (higher values in FtM-TR), cool colors negative contrasts.
to the gender they were assigned at birth. All the male and female controls were heterosexual.
Cortical Thickness, SA, and GMV Cth was greater in HeW than HeM in the left fusiform gyrus and lateral occipital cortex, in the left precuneus and a part of the left superior parietal cortex, as well as in the right superior parietal cortex including a part of the postcentral gyrus (Table 2 , Fig. 1A) . As with HeW, FtM-TR exhibited a thicker cortex than HeM in the left lateral occipital lobe and in the left superior parietal lobe. Furthermore, there were several areas, mainly around the midline, in which FtM-TR showed significantly thicker cortex compared with both control groups ( Table 2 , Fig. 1A ). These areas were located bilaterally in the superior, rostral, and middle frontal gyri (including portions of the orbitofrontal gyrus), in the right lingual+fusiform gyrus, the pericalcarine cortex and cuneus, and in the right inferior temporal gyrus. The areas with thicker cortex among FtM-TR in relation to both control groups were also disclosed through conjunctional analysis (Fig. 2) . As opposed to Cth, SA did not differ between FtM-TR and HeW. Just as among HeW, SA was larger among FtM-TR than HeM in the right middle temporal lobe, the superior frontal lobe (Table 3 , Fig. 1B ), and to a minor extent in the right fusiform and inferior occipital gyrus. The analysis of GMV showed, as in our previous studies (Savic and Arver 2011; Lentini et al. 2012) , that HeW had greater GMV than HeM in the precentral gyrus (and also partly in the postcentral gyrus) and in the right inferior parietal cortex (Table 4 , Fig. 1C ), whereas in HeM, the GMV was greater in the left occipital cortex (Table 5c ). Similar differences were also detected when comparing FtM-TR and HeM. Also the GMV in the right middle and inferior temporal cortices were larger in HeW and FtM-TR compared with HeM. In addition, around the fronto-occipital midline (the right occipital cortex and the frontal pole), the GMV was, just as Cth, in FtM-TR larger compared with both control groups (Table 4 , Fig. 1C) . Thus, FtM-TR differed similarly from male controls, as did female controls with respect to all 3 metrics, Cth, SA, and GMV. In addition, they differed from both control groups primarily in regard to Cth, and to a minor extent also GMV, and this difference was detected primarily along the fronto-occipital midline.
Subcortical Volumes
Next, we investigated subcortical volumes by specifically focusing on possible sex differences and how they related to the corresponding measures in transsexuals. The volumes analyzed were those that were previously found to differ between male and female controls and HeW: the hippocampus, thalamus, caudate, and putamen (Filipek et al. 1994; Goldstein et al. 2001; Raz et al. 2005; Savic and Arver 2011) . The present data confirmed the previous observation of subcortical sex differences, with HeW having significantly larger relative volumes for the right caudate and right and left hippocampi than HeM, and HeM having larger thalamus and putamen volumes than HeW (Table 5) . FtM-TR followed this "female" pattern. In addition, and congruous with several previous publications of FtM-TR as well as MtF-TR (Luders et al. 2009 Rametti et al. 2011 Zubiaurre-Elorza et al. 2013) , putamen volume was larger in FtM-TR than in controls of same natal gender (although significance was only reached for the left side) (Table 5) .
Rs-fMRI
Given that our FtM-TR population differed from both control groups with regard to cerebral midline structures, which are known to be involved in internal body-self-representation (see also discussion), we asked specifically whether the rs-functional connections from the pregenual anterior cingulate ( pACC) seed region, known to be a major node for self-perception (Northoff (Savic and Arver 2011) . Also, the TPJ is considered to be part of the own-body perception network (see Discussion). Finally, since the connectivity from the amygdala (both right and left) has been reported to differ between males and females (Berglund et al. 2006a; Kilpatrick et al. 2006 ) examining whether this connectivity in FtM-TR corresponded to the gender assigned at their birth was also of interest. The connections from left amygdala to the motor cortex were stronger in HeM than in HeW, as they were from the right amygdala to the hypothalamus. They were stronger also than in FtM-TR, whereas no significant difference was detected between FtM-TR and HeW. FtM-TR displayed, however, singular features in that their amygdala connections to the posterior cingulate, the fusiform cortex, and the extrastriatal body area (EBA) were significantly weaker in comparison with both HeM and HeW, particularly on the right side; see Table 6 and Figure 3 . FtM-TR displayed weaker connections than both control groups also with regard to other seeds. Weaker functional connections were detected primarily between the pACC and both the precuneus and thalamus. Furthermore, the left TPJ connections to the pACC, right cuneus, and precuneus were weaker in FtM-TR, whereas their TPJ connections with the left inferior and middle frontal gyri were stronger as compared with the control groups (Fig. 3) .
In summary, the combined observations from analyses of cortical thickness, subcortical volumes, and resting-state functional connectivity indicated distinct patterns within the cortical midline structures of FtM-TR compared with both male and female cis-sexual controls. Furthermore, FtM-TR subjects displayed weaker connections within the antero-posterior parts of the own-body perception network as well as between the amygdala and the temporo parietal parts of this network. Notably, no particular sex atypical features were detected, and FtM-TR displayed similar difference in relation to HeM as did HeW.
Discussion
The present study combines anatomical and functional MRI data in an effort to investigate the neurobiological underpinnings of GD. In this respect, this report differs from several previous brain imaging studies of this population, which focused on single factors (e.g., GMV, fractional anisotropy). Furthermore, whereas the main goal of several previous studies was to investigate whether the brains of transsexuals are sexually differentiated in a manner that is opposite to the sex they were assigned at birth, the present study addresses, in addition, whether transsexual subjects could have distinct anatomical and functional connectivity features in the own-body perception networks.
Structural and Rs-Functional Connectivity Measures in Relation to the Sex Assigned at Birth
Control subjects exhibited the expected sex difference with regard to Cth, SA, and GMV; the structural volumes of the amygdala, hippocampus, and caudate; and the pattern of rs-functional connectivity from the amygdala (see Tables 2-6 ). In this respect, the FtM-TR group followed the pattern of HeW. These observations are largely congruent with the available data in Table 1 ) and do not support the hypothesis that the sexual differentiation of the brain in FtM-TR would be away from the gender they were assigned at birth. This brings attention to our second hypothesis, which queries whether the own-body referential network could be distinct in transsexuals. To discuss this hypothesis in relation to the present data, it is necessary to recapitulate the current concepts about this network.
The Own-Body Referential Network and the Observed Differences between MtF-TR and Controls
The concept behind being cognizant that one's own body is part of one's self involves an integrative process (Moseley et al. 2012 ) that requires a complicated interplay of several structures, which are mainly located along the antero-posterior axis of the brain. Although these processes are tightly intercorrelated and not entirely clarified, one may discern 3 different levels:
1. Configural body processing, body detection, mediated by the visual and somatosensory perceptual areas, EBA, the right fusiform body area (Peelen and Downing 2005) , and the right infraparietal lobe (IPL) (Urgesi et al. 2004; Costantini et al. 2011 ). 2. Recognition and identification of a body as one's own. This process is suggested to be mediated by the right IPL, the TPJ, the precuneus and posterior cingulate, the posterior orbital gyrus, and the left lateral occipital gyrus (Blanke 2004 (Blanke ,2012 Northoff and Panksepp 2008) , and according to some studies also by the right insular cortex (Devinsky et al. 1989 ). This supposition is based on data from fMRI experiments comparing brain activity when subjects are viewing their own body and other familiar bodies showing activations of the posterior superior temporal gyri, the right TPJ, the primary somatosensory cortex, the medial premotor cortex, and the adjacent medial prefrontal cortex (Hodzic, Kaas et al. 2009; Hodzic, Muckli, et al. 2009 ). In addition, so-called body swap experiments show that self-identification with a virtual body is associated with activation of parts of this network, including the putamen (Brozzoli et al. 2014) . Furthermore, several patient studies suggest that damage to the right angular gyrus ( part of the TPJ) as well as seizures originating from this region can lead to out-of-body experiences (Devinsky et al. 1989; Heydrich et al. 2011; Solomon et al. 2015) . 3. Self-referential processing, whereby the perception of one's own body is incorporated into the context of self, seems to require a major involvement of the pACC. A quantitative metaanalysis of 87 studies representing 1433 participants showed that the specificity of the self (e.g., hearing one's own name, seeing one's own face compared with faces from known people and others) involves an activation of the pACC. Other midline regions, that is, the mPFC and the posterior cingulate cortex, on the other hand, were recruited during the processing of both self-specific and familiar stimuli. Notably, the area of the pACC recruited during self-specific stimuli overlapped with the default mode network (Northoff et al. 2006; Northoff and Panksepp 2008) .
In sum, it appears that the perception of one's own body and identifying it as one's self heavily involves cerebral midline structures incorporating a parieto-occipital "body detection" network and a fronto-parietal "body referential" network (identification of own's body as part of self ). In this context, it is of interest that we found difference between FtM-TR subjects and both control groups with regard to these same midline structures. FtM-TR displayed greater Cth in the pACC, the inferior and superior parietal lobule including the TPJ, and also in the cuneus and pericalcarine cortex (Fig. 1) . Their rs-functional connections between pACC and the precuneus, the right thalamus, and insular cortex were significantly weaker than in controls. One tentative interpretation of these findings is that in transsexuals (at least in FtM-TR), there is a weak connection between the neuronal networks mediating body perception and body ownership in the context of self (the own-body referential network). The observed functional disconnection from the amygdala to the right precuneus and TPJ, right EBA, and the fusiform cortex is also of interest. It accords with the reported emotional own-body estrangement and disgust; it might reflect a coping mechanism that dissociates bodily emotion from body image in transsexuals and represent a neurobiological correlate to this phenomenon. The present data thereby provide an explanatory mechanism for the GD among FtM-TR, a group that has hitherto been less investigated than MtF-TR, and in whom the majority of available scientific reports Note: TIV, total intracranial volume; P-values for structural volumes were based on calculations of ratios between the respective structural volume and the TIV, using the general linear model and age as covariate. The P and F values indicate overall group analysis. a = FtM-TR, significant difference from HeM; b = FtM-TR, significant difference from HeW; c = significant difference between HeW and HeM (P < 0.05). Note: Clusters were detected at P < 0.05 FDR corrected at cluster level. Italics denote subsignificant clusters (P < 0.1 FDR corrected at cluster level). Negative Z-values indicate significant differences when running the respective contrast in opposite direction; *Confluent cluster.
Ebj, extrastriatal body area; Tpj, temporo parietal junction; pACC, pregenual anterior cingulate cortex.
showed patterns of cerebral sex dimorphism congruent with female cis-controls. The body estrangement feeling is, however, reported by both FtM-TR and MtF-TR, raising the question as to whether, and to which extent the presently observed changes in FtM-TR could be general to GD. On ongoing investigations of MtF-TR and using the identical methodology suggest that this indeed might be the case. In contrast to the reported studies of FtM-TR, which seem to be predominantly based on gynephilic transsexuals (homosexual in relation to the gender assigned at birth), the available data from MtF-TR are mixed, and based on investigations of gynephilic MtF-TR (Savic and Arver 2011) or androphilic transsexuals (Zubiaurre-Elorza et al. 2013), or mixed andro and gynephillic (Luders et al. 2012) . In 2 independent studies, MtF-TR were found to have areas with thicker cortex compared with male controls (Luders et al. 2012; Zubiaurre-Elorza et al. 2013) . While the study by Zubiaurre-Elorza found major differences around midline (in the orbitofrontal, insular, and occipital cortex), Luders et al. reported differences also in the pre-and post-central gyrus and in perisylvian regions. Our previous analyses of the GMV in MtF-TR showed that, in several brain areas, they did not differ significantly from controls of same gender assigned at birth, but they did differ from both control groups in regard to the GMV in the right inferior frontal cortex, the right TPJ, the thalamus, and the putamen (Savic and Arver 2011) . Given the variability and sparsity of the previously published data on Cth, more extensive studies using a well-characterized population of MtF-TR are called for in order to further investigate whether the presently observed changes in Cth and resting-state connectivity are more general for GD, whether they apply to MtF-TR, and how related they are to sexual orientation.
Methodological Issues and Possible Confounding Factors
The MR methodology and analysis methods employed were standardized and have been validated in several previous publications (Fischl 2012; Savic and Arver 2014; Savic 2015) . With respect to subject selection, it is important to emphasize that none of the participants had undergone sex hormone treatment, and they had estrogen and testosterone values, which were within normal range for their gender assigned at birth, as shown in Table 1 . The results cannot be attributed to possible comorbidity with psychiatric conditions, as this was a criterion for exclusion, nor can they be explained by autistic traits, which were specifically evaluated during the clinical assessment.
One might argue that living with the perception of being "trapped in the wrong body" exposes transsexual persons to constant psychosocial stress, which in itself is associated with cerebral changes. Our recent studies show, however, that chronic stress is associated with a reduction of Cth in the mPFC (Savic 2015) , which would not go along with the finding that FtM-TR displayed comparatively greater Cth in this region. Also, concomitant depression could not explain the present observations, as none of the transsexual subjects fulfilled the criteria for depression according to the clinical assessment or the M.I.N.I. scores. A factor needing special comment is sexual orientation. This issue has been discussed primarily in MtF-TR. Blanchard proposed that in subjects who are transsexual homosexuals (homosexual in relation to their sex assigned at birth), differences would appear in sexually dimorphic structures, whereas in nonhomosexual transsexuals differences would emerge in brain structures that do not show sex differences. Blanchard considers nonhomosexual transsexuals as heterosexual and bisexual (Blanchard et al. 1995; Smith et al. 2005) . According to Kinsey scores, 13 of our transsexual subjects were homosexual rating Kinsey 6, 15 rated Kinsey <6. To further investigate possible impact of sexual orientation on cerebral structure, we carried out post hoc analysis of Cth and GMV and the left putamen volume (metrices that showed significant difference between FtM-TR and both control groups) in relation to the HeW and HeM. Interestingly, the major results remained, and the significant increase in the Cth, and GMV (P < 0.01 with Monte Carlo correction) was detected around the frontal and occipital pole in FtM-TR rating Kinsey 6 and those rating <Kinsey 6 in relation to both male and female controls. Results from the analysis of Cth and GMV are shown as supplemental information (Supplementary Figs 1A, B and 2A, B) . With respect to the relative volume of the left putamen, both subgroups of FtM-TR showed higher values than both control groups, but only at P < 0.1 Thus, the results seem not related to sexual orientation. In this respect, it is also worth noting that, to the best of our knowledge, the only report about Cth in regard to sexual orientation showed "cortical thinning" in the right precuneus and cuneus in homosexual men compared with HeM (Abe et al. 2014) , which is at variance to the corresponding measures in our FtM-TR ("greater" Cth compared with both HeM and HeW). Our FtM-TR population differed from both control groups also with respect to functional connectivity in the own-body referential networks. No such difference was detected between HeM and HeW. Due to movement artifact in 2 of the FtM-TR, the subgroup size was too small to allow separate subgroup comparisons with respect to Kinsey scale. It is worth noting, however, that our previous data on amygdala connectivity showed a pattern congruent with the opposite sex in homosexual persons (Savic and Lindstrom 2008b) . The amygdala connectivity in our FtM-TR subjects followed the pattern of their sex assigned at birth. Although it is unlikely that any of the present findings were related to different sexual orientation, a categorical distinction between possible cerebral correlates of sexual orientation and identity will require additional comparisons with cis-sexual homosexual controls. Further studies are warranted to elucidate this important distinction.
In regard to the possible etiology, it is important to note that the cross-sectional design of the study precludes establishing cause and effect. Therefore, we cannot determine whether a biological propensity for diffuse or ambiguous body identification leads FtM-TR individuals to identify with the opposite gender or if identification with the opposite gender contributes to diffuse or ambiguous body identification. Given that an avoidance of viewing one's own body is a common behavioral feature of GD (CohenKettenis and Pfafflin 2010; Bandini et al. 2013; Becker et al. 2015) , it is possible that it contributes to a less crystallized body identity, at least for visual identification.
In summary, the present data suggest that transsexual persons may differ from cis-sexual controls with respect to the own-body image networks, which might be one neurobiological substrate to their condition. Collectively, these convergent findings posit a tentative neurobiological basis for the dysphoric experience of transsexuals, at least among FtM-TR. The data strengthen the notion that there is an observable and measurable biological basis for gender identity and puts GD into the realm of human physiological variation as also recently suggested by others Kranz et al. 2014) . Whether and how this neurobiological substrate varies among various populations of transsexuals, if it is innate or acquired, and how it may be affected by sex hormone treatment are important issues to target in the near future.
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